BioCyc.org is a microbial genome Web portal that combines thousands of genomes with additional information inferred by computer programs, imported from other databases and curated from the biomedical literature by biologist curators. BioCyc also provides an extensive range of query tools, visualization services and analysis software. Recent advances in BioCyc include an expansion in the content of BioCyc in terms of both the number of genomes and the types of information available for each genome; an expansion in the amount of curated content within BioCyc; and new developments in the BioCyc software tools including redesigned gene/protein pages and metabolite pages; new search tools; a new sequence-alignment tool; a new tool for visualizing groups of related metabolic pathways; and a facility called SmartTables, which enables biologists to perform analyses that previously would have required a programmer's assistance.
Introduction
BioCyc.org is a microbial genome Web portal that combines thousands of genomes with additional information inferred by computer programs, imported from other databases (DBs) and curated from the biomedical literature by biologist curators. BioCyc also provides an extensive range of query tools, visualization services and analysis software.
BioCyc has been developed over a 25 year period, beginning with the EcoCyc DB for Escherichia coli. Over time, the content of BioCyc has expanded in terms of the number of genomes, the types of information available for each genome and the amount of curated content. BioCyc has also grown to include some eukaryotic genomes (although its main emphasis is microbial).
The software behind BioCyc, called Pathway Tools [1, 2] , has also expanded in many ways during this period, such as to support regulatory networks, omics data analysis and metabolic modeling. Recent enhancements include redesigned gene/protein pages and metabolite pages, new search tools, a new sequence-alignment tool, a new tool for visualizing groups of related metabolic pathways and a facility called SmartTables, which enables biologists to perform analyses that previously would have required a programmer's assistance.
Expansion of BioCyc DB content
Each BioCyc DB describes one sequenced genome, with the exception of the MetaCyc DB, which describes experimentally studied metabolic pathways from all domains of life. Since 2011, BioCyc has expanded from 1000 genomes to 9300 genomes. The majority of those genomes were obtained from Genbank RefSeq and from the Human Microbiome Project complete genomes DB. As the majority of sequenced microbial genomes are of interest to a relatively small number of researchers, BioCyc emphasizes breadth and quality of information for more highly used genomes at the expense of number of genomes.
To facilitate access to the more commonly used BioCyc Pathway/Genome Databases (PGDBs), we have created the set of home pages listed in Table 1 . When entering BioCyc through these home pages, the user's default organism will be set to the BioCyc PGDB for the primary strain for that species.
Workflow for generation of BioCyc PGDBs
To produce new BioCyc PGDBs, we process each BioCyc genome through the computational steps shown in Figure 1 both to computationally infer new information for the genome and to integrate additional information from other bioinformatics DBs. The amount of information found by the different import steps will vary for different organisms. Note that we retain the original genome annotation that was present in the downloaded genome file(s) for each organism.
First, Pathway Tools converts the annotated genome from the Genbank format to its internal PGDB format. Next, the computational operations in the upper portion of Figure 1 are performed. Pathway Tools modules make the following predictions [2] . Metabolic and transport reactions and metabolic pathways are predicted [3] from the reactions and pathways in the MetaCyc DB [4] . Next occurs prediction of pathway hole fillers (genes that code for enzymes catalyzing reactions with no currently assigned enzyme) and prediction of operons using both structural and functional information [5] .
Orthologs among BioCyc genomes are computed by software that runs large-scale bidirectional BLAST (version 2.2.23) comparisons among all pairs of proteins in the BioCyc genomes. We use a BLAST E-value cutoff of 0.001, with all other parameters at default settings. We define two proteins A and B as orthologs if protein A from proteome P A and protein B from proteome P B are bidirectional best BLAST hits of one another, meaning that protein B is the best BLAST hit of protein A within proteome P B , and protein A is the best BLAST hit of protein B within proteome P A . In rare cases, protein A might have multiple orthologs in proteome P B , as explained below. The best hit of protein A in proteome P B is defined by finding the minimal E-value among all hits in proteome P B in the BLAST output, and collecting all the hits for A in proteome P B that have the same minimal E-value. In other words, ties are possible, as in the case of exact gene duplications. We attempt to break ties using two methods: taking the hit with the maximum alignment length; and then taking the hit with the maximum alignment amino acid residue identity. For the first method, we compare the alignment lengths among all the hits of protein A in proteome P B that share the same minimum E-value, and the protein in proteome P B with the maximum alignment length is selected. For the second method, we compare the number of identical amino acid residues in the alignments between protein A and the hits of protein A in proteome P B that share the same minimum E-value, and the protein in proteome P B with the maximum number of identical amino acid residues is selected. In the case that ties still remain (as in the case of exact gene duplications), all ties are included in the final set of orthologs used by BioCyc. Thus, protein A could have multiple orthologs in P B , such as if multiple proteins B1, B2, etc., exist in P B , and have exactly the same regions align against protein A. BioCyc does not calculate paralogs.
Pfam [6] domains are identified in BioCyc proteins by running the Pfam software. Finally, zoomable cellular overview (metabolic map) diagrams are generated for each organism.
Next, data from several third-party DBs are imported into BioCyc, as shown in the lower portion of Figure 1 . Protein-feature data, such as locations of enzyme active sites, phosphorylation sites and metal-ion binding sites, are loaded from UniProt [7] , as are Gene Ontology (GO) [8] annotations. Predicted subcellular localizations are loaded from PSORTdb [9] . Descriptions of promoters, transcription factor-binding sites and regulatory interactions are loaded from RegTransBase [10] . Organism phenotype data, such as aerobicity, are loaded from the National Center for Biotechnology Information (NCBI) BioSample DB, as are organism metadata, such as the geographical location of the site from which the sequenced organism was collected. Gene essentiality data have been loaded from the OGEE DB [11] and from individual articles. Phenotype microarray data have also been loaded from individual articles. We also generate Web links from BioCyc to other related DBs, such as UniProt, NCBI-Bioproject and BioSample.
BioCyc curation
After the preceding automated processing, some BioCyc DBs receive manual curation to integrate additional information and to remove some false-positive predictions. All in all, the information within the BioCyc DBs has been curated from 80 900 different publications, as shown in Table 2 . The BioCyc DBs are organized into three tiers [12] to communicate the amount of manual curation that each DB has received:
• Tier 1 PGDBs have received at least one person-year of curation;
some PGDBs have received person-decades of curation.
• Tier 2 PGDBs have received at least one person-month of curation.
• Tier 3 PGDBs have received no manual curation.
Some BioCyc PGDBs were contributed by groups outside SRI (for example, the Chlamydomonas reinhardtii PGDB was developed by the Carnegie Institution for Science, and the Streptomyces coelicolor PGDB was developed by the University of Warwick and the John Innes Centre). The authors of each PGDB are listed on the summary page that is displayed when a user changes the current PGDB.
The Clostridioides difficile 630 PGDB has undergone several recent curation enhancements. We updated its genome annotation from the recently revised RefSeq entry, and from the annotation from the MicroScope site [13] . We performed literature searches and curation updates for 213 proteins listed in MicroScope as having experimental evidence for their function in C. difficile or in the Clostridioides genus, as well as other genes encountered during the course of literature searches. Those proteins with experimental evidence in C. difficile are now annotated with experimental evidence codes and contain references to the literature from which their enhanced curation was derived.
Curation adds value to BioCyc PGDBs in many ways, and is a major factor in differentiating BioCyc from other bacterial genome PGDBs. All computational prediction methods make errors, including predictors of gene boundaries, protein function and metabolic pathways. Curators correct errors in those predictions, and they supplement computational predictions with information from the experimental literature. They also annotate experimentally known information with experimental evidence codes and literature citations to indicate high-confidence information.
Curators capture a wide variety of information in BioCyc PGDBs (Table 3 ) including protein functions, metabolic reactions and pathways and regulatory interactions of several types (such as allosteric regulation of enzymes, and control of gene expression via transcription factors and small RNAs).
Curators author mini-review summaries appearing in the protein, pathway and operon pages, which summarize findings from multiple publications and save users significant amounts of time in poring through the primary literature. For some BioCyc PGDBs, person-decades of curation work have been performed across tens of thousands of publications, resulting in large volumes of mini-review summaries, measured in textbook page equivalents: EcoCyc version 21.0 contains 2907 textbook-equivalent pages of summaries and MetaCyc version 21.0 contains 7897 such pages. Further, curators enter a wide range of experimentally determined information that cannot be inferred computationally, including enzyme activators and inhibitors, protein subunit structure, enzyme kinetic values, protein features (e.g. active site residues) and transcriptional regulatory interactions.
Although automated text mining software has shown gradual improvement over the years, its accuracy is still far from that of human curators. In addition, text mining systems are typically limited to extracting fewer types of data than the wide range of information that BioCyc curators capture. Perhaps most importantly, only human curators can correctly resolve the many disagreements, inconsistencies and errors found in the literature. Many metabolic pathways and enzymes are complex, and earlier reports often contain information that has been later partially or completely invalidated. For example, enzyme commission (EC) 2.3.1.111, mycocerosate synthase, was initially reported to release its product in the form of a coenzyme-A activated compound, but later, it was shown that the products remain bound to the enzyme at the end of catalysis because of a lack of a thioesterase function. A computer program reading through the conflicting reports would have great difficulty in reconciling the information from the different publications. An experienced human curator, on the other hand, can integrate the information and generate a review that consolidates all sources and provides an accurate review of current knowledge.
Expansion of bioinformatics tools
The BioCyc.org Web site offers, to our knowledge, the most extensive set of bioinformatics tools of any microbial genome The BioCyc collection | 3 portal (Table 4) . Many of the tools provide visualization services that aid the user in navigating the large and complex information space within BioCyc. This section surveys a number of recent developments in the BioCyc software tools. For a comprehensive description of the Pathway Tools software behind BioCyc, see [1] .
Run Metabolic Model
The 'Run Metabolic Model' command allows users to solve steady-state metabolic models based on flux balance analysis [14] . Metabolic models are generated from the reactions stored in a PGDB by the MetaFlux component of Pathway Tools [1] . Users must login to their BioCyc account to be able to use the command 'Run Metabolic Model'. Existing public models, or a user's own private models, can be executed. For example, by selecting the Escherichia coli K-12 substr. MG1655 organism, the 'Run Metabolic Model' command will open up a new Web page and show a list of several public models available for that organism (by the owner 'BRG SRI') and any metabolic models that the user has created, some of which are probably private. The publicly available models can be copied and modified. To copy a model, click the 'Copy' button and enter a new name for it. The copy is private in your own account and can be modified and solved at will. For example, the nutrients and secreted metabolites of the model can be modified to execute under different growth conditions (e.g. anaerobic). If desired, by clicking the 'Make Public' button, the model can be shared with all the users that have access to the Web server.
You can learn more about the Run Metabolic Model tool via the 'Getting Started Guide' link on the Web page listing the models available.
New search tools
As the number of organisms in BioCyc has grown, we have introduced new search tools to help users find organisms of interest. Clicking 'change organism database' in the upper right corner of the Web site brings up the organism-selector dialog, which enables a user to search for organisms by name, by organism taxonomy and by phenotypic and metadata properties. The name-based search finds any prefix of the genus, species or strain name. The taxonomy search uses a hierarchical browser of the NCBI taxonomy DB. For the phenotypic/ metadata search, the user first selects a property (such as 'biotic relationship') and then selects the value of interest for that property (such as whether the desired organism is free living, parasitic or symbiotic). Additional available properties include whether the organism is a pathogen of humans, animals or plants; the human microbiome body site from which the organism was collected; and the depth or altitude at which the organism sample was collected. Metadata searches include number of GO terms annotated within the DB and number of regulatory interactions within the DB. Multiple properties can be queried at once (combined using AND or OR) by clicking the 'Add Constraint' button. 
Note: Different DBs contain different proportions of these datatypes depending on factors such as the amounts of data available in DBs from which BioCyc imports information, and the amount of data curated from the literature. Typically, DBs that have received more curation will have objects of a wider range of datatypes.
To facilitate comparative analyses, a new multi-organism search tool is available under Search ! Cross Organism Search. The user can specify what set of organisms (DBs) to search in several alternative ways, such as by specifying taxonomic groups (e.g. 'Archaea' or 'Coriobacteriia'), by specifying organisms by names, or by selecting organisms according to their phenotypic properties (e.g. selecting all symbionts). A user can also save lists of organisms for later use within SmartTables.
A cross-organism search enables the user to search a designated set of organisms for search terms in specific object types. The user specifies the types of objects to search for (e.g. genes or metabolites), and one or more search terms (e.g. 'trpA' or 'acetaldehyde'). The tool returns a table indicating what objects from what organisms matched the requested search.
Redesigned gene/protein pages and metabolite pages
We have redesigned BioCyc gene/protein pages to modernize their look and feel and to make it easier for scientists to find the information they seek. The new design provides a summary of commonly used information at the top, with additional information available via the tabs just below the table. For example, the 'Protein Features' tab depicts protein features such as metal-ion binding sites and enzyme active sites; the 'Operons' tab depicts the operon(s) containing the gene. The 'Show All' tab combines information from all tabs into one page, which is convenient when searching the Web page for terms of interest.
A new menu, called the right-sidebar menu, is available along the right side of gene/protein pages and most other BioCyc pages. Its content varies depending on the page type currently displayed (e.g. different operations are available for gene pages versus metabolite pages). Operations available at gene pages include retrieving the nucleotide and amino acid sequences for the gene/protein, and retrieving arbitrary nucleotide sequences surrounding a gene, or for any region of the genome. Other gene-page operations include creating a multigenome alignment (using the Pathway Tools comparative genome browser) and a multiple sequence alignment [computed using MUSCLE [15] and displayed using the Sol Genomics Network alignment viewer (https://sgn.cornell.edu/tools/align_ viewer/index.pl)] for the current gene and specified orthologs.
Metabolite pages have been redesigned along similar lines. They contain a table at the top that summarizes important information, along with tabs to select additional information such as the reactions in which a metabolite occurs.
SmartTables
SmartTables [16] enable scientists to define and store lists of objects from any BioCyc DB, such as lists of genes, proteins, Perform text searches across all of BioCyc or specified groups of organisms Multi-Organism Route Search Search for metabolic routes that cross-multiple organisms such as the gut microbiome SmartTables Define groups of genes, pathways, metabolites, etc., and manipulate those groups as a programmer would
The BioCyc collection | 5 metabolites, pathways or sequence regions (e.g. SNPs). Using SmartTables, a scientist can browse and explore a group of objects. They can transform a group of objects to a set of related objects (such as transforming a metabolite set to the set of pathways those metabolites are involved in). Users can also perform analyses such as statistical enrichment analysis (e.g. to understand what functional categories are shared by the differentially regulated genes from a transcriptomics experiment). Scientists can share SmartTables with specific colleagues or with the public, and can use them to supplement a publication by providing online gene or metabolite sets. Users must create a BioCyc account to create SmartTables. SmartTables can be created to contain results from different types of BioCyc query operations (look for the button 'Turn into a SmartTable'). They can also be created from a file-we defined the public SmartTable at https://biocyc.org/group?id¼biocyc14-1553-3655492599 by uploading a file listing the essential genes determined for C. difficile R20291 by Dembek et al. [17] , and then adding the orthologous genes and gene products in Bacillus subtilis and E. coli as additional columns.
We will use this SmartTable to illustrate some general capabilities of SmartTables by investigating the question of which metabolic pathways these essential genes are involved in. We begin by creating a separate SmartTable containing the orthologs from strain 630 of this essential gene set, by clicking the 'þ' at the top of the column labeled 'Gene/Locus-Ids in Strain 630'. Next, from the 'Add Property Column' menu directly above the SmartTable, select 'Product' to add a new column containing the gene products, and from the 'Add Transform Column' menu directly above the SmartTable, select 'Pathways of Gene' to add a column listing the metabolic pathway(s) (if any) in which these gene products participate; the result is shown in Figure 2 .
To see these same data from a different perspective, click the 'þ' above the 'Pathways of Gene' (third) column, which will create a new SmartTable listing each metabolic pathway, and the essential genes within that pathway. Another way to see the data from the SmartTable in Figure 2 is to run the operation 'Paint Data ! on Cellular Overview' from the right-sidebar menu (be sure the first column in the SmartTable is selected, by clicking on it). This operation will display the set of genes within the SmartTable on a zoomable metabolic map diagram for strain C. difficile 630.
Among the other operations provided for SmartTables are adding and deleting rows individually, using a filtering operation to remove rows that meet criteria such as containing a search string, and performing set operations such as union and intersection between two SmartTables. SmartTables also offer views of the nucleotide and amino acid sequences of genes and proteins, and of the chemical structures of metabolites.
Pathway collages
For many years, BioCyc has provided the ability for users to customize its images of metabolic pathways. The command 'Customize or Overlay Omics Data on Pathway Diagram' from the right-sidebar menu of any pathway page enables users to control which elements of the pathway diagram are visible (gene names, EC numbers, etc.), and to overlay gene expression, metabolomics or reaction-flux data on the pathway.
Pathway collages are a new way of creating diagrams depicting interactions among several metabolic pathways, and were suggested by Prof. Tricia Kiley of the University of Wisconsin. Define a SmartTable containing the pathways to include in the pathway collage (such as by creating a new SmartTable and then adding the pathways by name). Then use the right-sidebar menu command 'Export ! Export Pathways to Pathway Collage' to create the pathway collage within a Web browser. The commands available within the pathway collage builder include dragging pathways to new positions, creating connection lines between metabolites, changing the visual appearance of gene and metabolite names and adding omics data to the diagram. An example collage of E. coli pathways is shown in Figure 3 . Collages can be exported to PNG files for use in publications.
Pan-genome DBs
We are introducing pan-genome PGDBs in BioCyc that integrate gene and pathway information from a large number of sequenced strains into one DB. Pan-genome PGDBs illuminate the set of gene families found across the species. Pan-genome PGDBs now exist for Listeria monocytogenes, Mycobacterium tuberculosis, C. difficile and Pseudomonas aeruginosa, and can be found by searching for the phrase 'pan-genome' within the organism selector.
The following steps are taken to construct a Pan-Genome PGDB for species S:
• Create an empty PGDB for S.
• Choose a set of PGDBs for strains of S for which computed orthologs are available.
• Choose a so-called 'lead PGDB' from the preceding set of available strain-specific PGDBs. For example, we chose M. tuberculosis H37Rv as the lead PGDB for species M. tuberculosis because of its status as a highly studied strain.
• Import the lead PGDB's replicons, genes, proteins, reactions and pathways into the pan-genome PGDB. The BioCyc collection | 7
• Visit every other strain PGDB from the chosen set. For each protein-coding gene in that PGDB, check whether it is an ortholog of any gene already residing in the pan-genome PGDB. If so, record the existence of the ortholog in the gene in the pangenome PGDB.
If no ortholog was found, then import the new gene from the other strain PGDB, along with its proteins and any reactions and pathways that are not yet in the pan-genome PGDB. Finally, add the nucleotide sequence of the newly added gene to an 'artificial replicon', which accumulates all these other genes (separated by spacers consisting of several N nucleotides).
The new gene will thereafter also be checked for orthology in future comparison rounds with additional strain PGDBs. The end result will be that many genes, both on the replicons from the lead PGDB and on the 'artificial replicon', will have orthologs recorded, and some genes from the lead PGDB and the other strain PGDBs will be unique and have no orthologs at all.
When viewing the Cellular Overview for a pan-genome PGDB, two special highlighting commands are made available. Highlighting the core genes shows all the reactions of the genes that are shared among all the strain PGDBs; in other words, each gene has orthologs to all the other strains. Highlighting the unique genes shows all the reactions of the genes that have no orthologs at all, and are thus contributed by one strain.
RouteSearch, atom mappings and Gibbs free energies
BioCyc reaction pages depict atom mappings for most reactions. The atom mapping of a reaction identifies for each reactant non-hydrogen atom its corresponding atom in a product compound. For a given reaction in a BioCyc PGDB, atom mapping data are obtained from the same reaction (reaction having the same reaction identifier) in MetaCyc. We computed MetaCyc atom mappings using an algorithm that minimizes the overall cost of bonds broken and made in the reaction, given assigned propensities for bond creation and breakage [18] . Of the 14 051 reactions in MetaCyc, 12 356 (87.9%) have computed atom mappings. Our analysis [18] has found a low rate of errors (<3%) in our computed atom mappings.
RouteSearch (see Metabolism ! Metabolic Route Search) [19] is a software tool for finding routes in the metabolic reaction network of an organism. Given a starting compound, a target compound and other parameters, the tool finds the best (least cost) routes between these compounds by taking into account atom conservation (routes that conserve more atoms from the starting compound are considered better), reaction path length and adding a minimum number of foreign reactions from MetaCyc. RouteSearch uses the precomputed atom mappings of the reactions involved in the routes to calculate the number of conserved atoms.
Gibbs free energies are provided for a large number of reactions and compounds in BioCyc, based on data in the MetaCyc DB. We calculated standard D Gibbs free energies for reactions and compounds in MetaCyc, that is D r G 0 and D f G 0 , at pH 7.3 and ionic strength 0.25.
Computational access to BioCyc data
A variety of REST-based Web services offer programmatic access to the BioCyc data via HTTP GET or POST requests [20] . A set of defined queries enables retrieval of data for a single object (such as a gene or a reaction) or collection of related objects (such as all the genes in a pathway) in XML format [21] . More complex Web service queries to BioCyc, of power on the order of SQL, can be constructed using the powerful BioVelo Query Language [22] . Web services also provide access to pathway data in BioPAX [23] format. Additional Web services enable mapping of identifiers from external DBs, and retrieval of metabolites by chemical formula, InChI key and/or monoisotopic molecular weight. A variety of visualization services and SmartTable manipulation operations provide access to advanced BioCyc capabilities, and are further described at [20] . BioCyc data are available for bulk download in several different file formats [24] . In addition to tab-delimited tables and our own internal attribute-value format [25] , subsets of the data are made available in SBML [26] , BioPAX [27] , GO [28] , GenBank [29] and FASTA [30] formats.
Users who install the Pathway Tools software locally can access and update data directly via our application programming interfaces (APIs), available for Python, R, Java, Perl and Common Lisp. The PythonCyc [31] , RCyc [32] , JavaCyc [33] and PerlCyc [34] packages, which provide API access to their respective languages, must be downloaded and installed separately from the main Pathway Tools distribution.
BioCyc subscription model
Model-organism DBs such as EcoCyc, Saccharomyces Genome DB, FlyBase, Mouse Genome DB and Rat Genome DB see high usage rates. Thus, it is fairly clear that curated genome DBs are a critical part of the scientific information infrastructure for sequenced organisms that are studied by large scientific communities and that have important applications (e.g. M. tuberculosis, which is a significant pathogen, and B. subtilis, which sees widespread use in biotechnology).
It has also become clear that the cost of DB curation is fairly modest and can attain low error rates. For example, the cost of curation for the EcoCyc DB was $219 per curated article over a 5 year period, which is modest when compared with the costs of the projects that generated the research to be curated: for EcoCyc, we estimated that curation cost to be 0.088% of the cost of the research projects that generated the research and to be 6-15% of the cost of open-access publication fees for publishing the curated research [35] . The EcoCyc error rate was measured to be 1.40% [36] .
Despite the fact that a number of bioinformatics groups have put forward the preceding arguments over a 15 year period, government funding agencies have not provided funds for additional needed DB curation projects, particularly for bacteria. Thus, in 2016, we decided to convert BioCyc to a subscription model to raise revenue for the curation of BioCyc DBs. Subscriptions to BioCyc are available to individuals and to institutions such as companies and university libraries. Subscription costs are similar to the costs of journal subscriptions, and depend on usage level. Subscription revenues are invested in a nonprofit basis in BioCyc curation, operation, sales and marketing. Access to EcoCyc and MetaCyc DBs remains free because these DBs are still supported by government grants.
Conclusions
We have outlined some of the recent improvements to BioCyc. Additional improvements to the Pathway Tools software are described in a recent article [2] . The data content and software tools within BioCyc will continue to evolve. The human microbiome and metabolomics data analysis are two major topics of our current grant period.
How to learn more A number of online information sources are available for BioCyc including online instructional videos [37] , a how-to guide for the BioCyc Web site [38] , a guide to the concepts and methods behind BioCyc [39] and a guide to the data content of BioCyc [40] .
To receive monthly updates and explanations regarding new developments in BioCyc, please subscribe to the BioCyc mailing list by sending an e-mail to biocyc-users-request@ai.sri.com with the word 'subscribe' in the subject.
Key Points
• BioCyc.org is a microbial genome Web portal that combines sequenced genomes, computationally inferred data and curated information from the scientific literature.
• BioCyc provides an extensive range of query tools, visualization services and analysis software.
• BioCyc SmartTables is a unique tool that enables biologists to perform analyses that previously would have required a programmer's assistance, such as performing programmatic transformations on sets of objects.
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